Th ere is considerable concern about ecological recovery in wetlands that have been enriched with P; however, there are few long-term studies tracking the distribution of the soil P aft er the termination of P loading. Th e Blue Cypress Marsh Conservation Area in Florida contains areas with elevated soil P levels from historical loading. Th e local spatial variation of soil P was determined in a 750-by 150-m area proximal to the historic surface water infl ow point and a second area of the same size located in the center of the marsh with no record of historical P impacts. Th e average soil total P was estimated at 847 mg kg −1 in the P-enriched area and 643 mg kg −1 in the marsh interior (unenriched) . When compared with previously determined historical data, it was estimated that soil P has decreased in the P-enriched area by about 61%. Meanwhile, there was an increase of 82% in P within the unenriched area during this same time period. Th ese results suggest that P has been mobilized from the impacted areas toward the unimpacted marsh along the water fl ow patterns in the wetland. Th ese observations have implications for restoration of high-P wetland systems. Remobilization from P-impacted to unimpacted areas can expand the area of increased nutrients despite termination of P inputs into the marsh. If remobilization predominates over burial, then it is also unlikely that the overall nutrient status of the system will return to pre-impact levels within a reasonable management time frame (<25 yr).
nity composition, and seasonal changes in the redox conditions of the soil (Richardson, 1985; Weyers and Suberkropp, 1996; Grace et al., 2008) . If this occurs in a wetland with an established nutrient gradient oriented along surface water fl ow paths, then a portion of the P from the more enriched soils will be transported in the surface water to areas previously not impacted, despite the termination of external P loading to the system. Th is redistribution of soil P, referred to as the internal load, can therefore maintain the wetland in a eutrophic state despite eff orts to stop the external load from the surrounding watershed.
Th e Blue Cypress Marsh Conservation Area (BCMCA) is a freshwater marsh that has experienced nutrient enrichment due to infl ows from agricultural lands along its periphery. Th e overall spatial distribution of soil P in BCMCA has recently been documented in a study by Grunwald et al. (2006) , showing areas with elevated soil P close to these infl ows. In these areas, numerous studies have identifi ed changes in the plant community structure (Prenger and Reddy, 2004) , soil biology (Ipsilantis and Sylvia, 2007) , and soil biogeochemical cycling (Corstanje and Reddy, 2004 ) similar to those described in the well-studied northern Everglades system (DeBusk and Reddy et al., 1998; White and Reddy, 2000) . In the early 1990s, these nutrient inputs were diverted away from the BCMCA. Previous studies have documented P release from P-enriched soils (Corstanje and Reddy, 2004; Bostic and White, 2007) . What is currently unknown is whether there is an actual loss of P from the impacted areas and whether this leads to an increase in soil P further downstream (i.e., how the spatial distribution of P has changed since curtailing P inputs).
Whereas the study by Grunwald et al. (2006) documented the coarse-scale distribution of soil P in this system, most studies of the processes in this system occurred at a considerably fi ner scale (e.g., Corstanje and Reddy, 2004 : three cores across 1-2 m 2 ). Th is is mainly due to resource limitation because large spatial sampling eff orts are expensive, time consuming, and sample intensive and detailed process measurements on many samples is often not a viable option. Wetlands are locally heterogeneous systems, however, as is the case in the BCMCA, in which a rich mixture of slough communities, standing aquatic macrophytes, tree islands, willow communities, and wet prairies are present. Sampling and monitoring for changes soil P and associated changes to soil biogeochemical cycling must therefore be suffi ciently robust to capture this local heterogeneity, yet remain cost eff ective for process measurements. In this study, we used a targeted sampling approach in which the localized spatial heterogeneity of soil P was captured.
Th e specifi c objectives of this research were therefore to: (i) determine the local spatial distribution of P in an area historically nutrient enriched and in an unenriched area located downstream along surface fl ow patterns at some distance from the P-impacted area; (ii) determine if there is any other evidence of nutrient movement in either area; and (iii) compare recent values with historical values for each area.
MATERIALS AND METHODS

Study Area
Th e BCMCA is located in east-central Florida at the headwaters of the St. Johns River basin, which runs northwards to Jacksonville (Fig. 1) . Th is 8000-ha freshwater marsh was modifi ed by the construction of levees that completely surround the marsh. A breach in the levee directed P-enriched nutrient runoff into the northeast (here referred to as the P-enriched) area of the marsh during the 1970s and '80s. Th e breach was sealed in the early 1990s as part of the St. Johns River restoration project to reduce P loading to the wetland and subsequently to the St. Johns River basin. Th e historical loading led to the formation of a local P-enriched area adjacent to the levee breach, with the highest concentrations closest to the surface water infl ow point as documented by Grunwald et al. (2006) .
Since the early 1990s, precipitation has been the primary input of water to the wetland. Th e typical hydrologic pattern observed for the BCMCA therefore responds closely to precipitation and refl ects a typical Florida climate of distinct dry and wet periods in a year, where the winter months are generally the colder and drier months. Water levels vary from between 30 and 50 cm of standing water to complete drawdown and exposure of the soil. During the period in which P loading took place, the vegetative species (Cladium spp. and Panicum spp.) shift ed to a dominance of Typha latifolia L. and Salix caroliniana Michx. within the enriched areas of the marsh with time (Corstanje and Reddy, 2004) , a transformation in vegetation communities that is similar to that which has been described in the northern Everglades (Wu et al., 1997) . Th e interior of the marsh is characterized by a mosaic of sawgrass (Cladium jamaicense Crantz) and maidencane (Panicum hemitomon Schult.) fl ats.
Experimental Design
Sample collection occurred in September 2000 in two areas, one established in the P-enriched area (Fig. 2a) and one in the unenriched area (Fig. 2b) . Th e sites are located at about 10 km from each other and are connected hydrologically as water fl ows north toward Blue Cypress Lake. Th ese sites were selected in close proximity (within 100-200 m) to sites used in previous studies and referenced here (Brenner and Schelske, 1995; Olila et al., 1995; D' Angelo et al., 1999) .
Sampling points were located on two rectangular grids (150 by 250 m) established in the enriched and unenriched areas. A number of samples were located at distances of 1.5, 15, 75, and 750 m apart; this type of nested design ensures that appropriate spatial scales were sampled for the ensuing geostatistical analysis. Th e grid in the P-enriched area was angled such that it originated from the infl ow point at the levee and extended toward the interior of the marsh along the surface water fl ow path. Th e unenriched transect was oriented in a north-south direction, oriented parallel to the surface water fl ow directed by the topographic gradient (Prenger and Reddy, 2004) .
Field Sampling
Surfi cial (0-10-cm) soil samples were taken at each station using a 10-cm i.d. Al push-core. If detrital material, composed of readily identifi able plant leaves and stems was present, it was removed from the soil surface by hand before coring. A total of 82 soil samples was collected, stored on ice, and refrigerated on return to the laboratory. Six locations were replicated with three cores taken within 1.4 m.
Laboratory Analysis
Gravimetric moisture content (70°C until constant weight) and dry-weight bulk density (Blake and Hartge, 1986) were determined for all samples. Th e pH was determined on soil slurries (1:1 soil/water). Total N and total C were determined on dried, ground samples using a Carlos Erba NA-1500 CNS Analyzer (Haak-Buchler Instruments, Saddlebrook, NJ). Total P (TP) was determined using the ignition method followed by acid digestion (Andersen, 1976) and determined colorimetrically (USEPA, 1993) . Acid-extractable Ca, Mg, Fe, and Al concentrations were determined from 0.5 g of oven-dried soil treated with 25 mL of 1.0 mol L −1 HCl and placed on a reciprocal shaker for 3 h. Th e supernatant was fi ltered through 0.45-μm membrane fi lters and analyzed by inductively coupled Ar plasma spectrometry (Method 200.7, USEPA, 1993; Malecki-Brown et al., 2007) . Microbial biomass P (MBP) was determined as the diff erence in TP content between 0.5 g dry-weight equivalent chloroform-fumigated and unfumigated samples aft er a 3-h extraction with 25 mL of 0.5 mol L −1 NaHCO 3 (Olsen's reagent; Allen et al., 1974; Brookes et al., 1982 Brookes et al., , 1984 Hedley and Stewart, 1982) . Field-moist soil subsamples were subjected to a sequential fractionation aft er Reddy et al. (1998) . Total inorganic P (TPi) was represented by a summation of KCl-, NaOH-and HCl-extractable soluble reactive P (SRP). Total organic P was represented by TP − TPi.
Statistical Analysis
Th ere are existing geostatistical models that describe the spatial variation of soil properties across the entire area (Grunwald et al., 2006) and it was this information that we used to determine the local spatial variability of soil P forms in the two areas. Th e advantage of using this approach is that it allowed us to characterize local patterns within these sites. Th e geostatistical models obtained by Grunwald et al. (2006) described a coarser scale of variation, so we had to construct a new set of models that described variation at a fi ner scale. Th e spatially dependent variance in the data was explored using the semivariance γ(h), which can be calculated as
which under the assumption of second-order stationarity (Matheron, 1971 (Matheron, , 1973 , is a function of the lag vector h only and describes the spatial dependence of the random function Z(x), assumed to be realized in the data at a set of sampling sites x 1, x 2 , …, x i . Th e autovariograms were then obtained using the standard estimator (Webster and Oliver, 2001 ):
where z is the observed random function.
All the data from these two areas were used to construct the experimental autovariogram, assuming that the random function Z(x) is realized throughout the area. Th ere are no clear discontinuities throughout the BCMCA and variograms for the same soil properties as those measured in this study have been produced previously for all of the BCMCA (Grunwald et al., 2006) . We therefore had some evidence to support the assumption that observations from the P-enriched and unenriched areas are an expression of the same random function.
In the case where there are strong trends or gradients of soil P, then the assumption with regard to the mean will not be met and detrending or a method based on the residual maximum likelihood (Marchant and Lark, 2007) would have to be applied. In our case, it is clear that the gradients that we described were local (Grunwald et al., 2006) , and it was our expectation that these would have little eff ect on the spatial estimation process. We constrained the lag vector, h, to a maximum of 800 m, just over the maximum distance between sample points within each of the areas. For this analysis, soil values were normalized using the total sample standard deviation.
Model variograms were fi tted to the experimental variograms of TP by maximum likelihood (Lark, 2000) in the geoR package in R (Ribeiro and Diggle, 2001) . Th e exponential model provided the most parsimonious fi t according to the computed Akaike's information criterion (Akaike, 1973) . Th is is expressed as
with nugget c 0 , sill c 1 , and range r. Th e nugget estimates the semivariance with no observed spatial dependence, the sill describes the total estimated semivariance, and the range defi nes the spatial extent of the model. Th e estimated model parameters for TP were c 0 = 0.4082, c 0 = 1.0759, and r = 100 m. A map of the interpolated values was generated using kriging in the ArcMap environment (ArcMap version 8.3, ESRI, Redlands, CA).
As we also conducted a simple comparison of means tests (Student's t-test) between the P-enriched and unenriched areas at an α level of 0.05. Th ere is an inherent assumption that the treatments (sites) are independent. We believe that this assumption does hold because the largest observed range of autocorrelation reported by Grunwald et al. (2006) is smaller than the distance between the two areas. Th e variance observed in the data is reported as ± standard error.
RESULTS
Th e dry-weight bulk density values were generally low and not signifi cantly diff erent between sites, with a mean of 0.066 g cm −3 for the P-enriched site and 0.067 g cm −3 for the unenriched site (Table 1) . Th ere was also no signifi cant diff erence between sites for total C (467 and 465 g kg −1 ) or total N (29.8 and 27.8 g kg −1 ) for the P-enriched and unenriched sites, respectively.
Total P was signifi cantly diff erent, with a higher mean value of 847 mg kg −1 in the P-enriched site vs. 643 mg kg −1 for the unenriched site (Table 1) . Th e MBP was not signifi cantly diff erent, with a mean of 151 mg kg −1 for the P-enriched site and 181 mg kg −1 for the unenriched site. When we consider MBP as a percentage of total P, however, which is a measure of P limitation, we fi nd that there is a signifi cant diff erence of 17.9% for the P-enriched site and 28.1% for the unenriched site. Th is higher percentage of microbial biomass to total P in the unimpacted area is consistent with greater nutrient limitation .
Th e majority of P present is organic (Table 2 ) and we observed signifi cant diff erences in the organic P content in the soil layer, with mean 0-to 10-cm soil organic P concentrations in the unenriched and P-enriched sites of 522 (±55.7) and 699 (±170) mg kg −1 , respectively, representing approximately 81.1 and 82.2%, respectively, of the soil layer TP. Th e NaHCO 3 -extractable SRP from 0 to 10 cm demonstrated no signifi cant concentration variation between areas. Th e P-enriched and unenriched areas contained 0.34 (±0.04) and 0.39 (±0.04) mg NaHCO 3 -extractable SRP L −1 , respectively. Th e quantities of Fe, Al, and Ca in the soil and detrital layers were similar quantities in the samples obtained from both areas (Table 2) .
Local Spatial Patterns
A distinct P gradient was observed in the P-enriched site of the marsh (Fig. 2) . Th ere was an overall estimated mean diff erence of 311 mg TP kg −1 in the 0-to 10-cm soil layer along the length of this gradient, with larger concentrations proximal to the historical infl ow point than farther from the infl ow point. Th e highest TP levels, expressed as the fourth quartile of the interpolated TP values (868-1402 mg kg −1 ), covered about 22% of the P-enriched site values above the interpolated TP median of 837 mg kg −1 .
Th ese values where primarily located close to the infl ow point.
We also observed a gradient in soil P in the unenriched site, from south to north (Fig. 3) . Th e highest values, represented by the fourth quartile, 700 to 757 mg kg −1 , covered an estimated 15% of the area. Th ese values were primarily located on the southern end of the sampling grid, at the upper end of the fl ow direction. It should be noted that both areas show some localized heterogeneity, with large TP observations (points in Fig. 2 and  3) close to smaller values, although the estimated nugget variance Table 1 . Characterization of soil pH, dry-weight bulk density, total C, total N, and total P in the P-enriched and unenriched areas. Data shown are means ±1 standard error in parentheses. comprises only about 38% of the total estimated variance for this data. Post plots (not shown) of extractable SRP in both areas closely resembled the patterns observed for TP.
DISCUSSION
Traditional sampling of a wetland involves obtaining a number of replicate samples at the desired number of sites, in which the sites represent treatments and the diff erence between sites is then reported. Th is approach ignores spatial variation in that this variation is lumped in with the treatment eff ect. Th e alternative is to execute a spatial survey of the area, which oft en requires a considerably larger sampling eff ort and cannot be as targeted because a minimum of coverage is required to eff ectively describe the spatial variation across the area. We used a novel approach to sampling that builds on a previous geostatistical survey. Geostatistical methods are generally more robust for interpolation but require a fairly large sample size (>100 samples; Webster and Oliver, 2001) . Th ey also assume that the observed variation is the expression of the same random function. In our case, we were able to combine the observations from the two sites to generate a model of the spatial variability because we knew from a previous survey that these observations belonged to the same random function (Grunwald et al., 2006) . Th is allowed us to target two areas effi ciently, and the spatial variation of key properties could then be described at two fairly disparate scales: a fi ner scale (within site) and a coarser scale (between sites).
At the fi ner scale, we were able to observe that spatial patterns of soil P in both areas can be described as gradients. At the enriched site, the higher concentrations were nearer to the infl ow point and these decreased farther into the marsh along what we suspect is the predominant fl ow path into the marsh interior. We also observed a gradient at the unenriched site, with higher concentrations along the southern edge and decreasing in a northerly direction. We are less certain as to what might be causing this gradient. At this site, the lake is to the north and we suspect that the predominant water fl ow path is south to north. Th is area of the marsh is also shallow, however, consisting of Panicum spp. fl ats interspersed with clumps of Cladium spp., so sheet fl ow toward the lake can be obstructed when water levels are low. An airboat trail runs close, about 10 to 20 m south of the southern end of this transect, which is part of a network of trails that connect entry points into the BCMCA along the levees to the lake (personal observation). It may be the case that these trails form a hydrologic shunt through the marsh toward the lake and are therefore the source of P at the southern end of the unenriched site. Th e coarsescale map of P distribution (see Fig. 6 in Grunwald et al., 2006) depicts a gradient in soil P from south to north; however, the local concentrations we found at the southern end are substantially larger than those observed on the coarse-scale map for this general area. Th is would seem to suggest that the trails, rather than sheet fl ow movement, are conduits for the P-laden water from the impacted areas. Although we cannot identify the exact hydrologic pathway, the enrichment observed at the unimpacted site would suggest that there is some remobilization of P toward the unenriched site.
In these oligotrophic systems, microbial communities are often a response variable to changing levels of P availability (Corstanje et al., 2007) , with increasing bioavailability of P resulting in increased levels of MBP . Given the sampling design, we were able to construct a set of general linear models for each area, with MBP as the response variable, with sampling coordinates and a number of key physiochemical variables: TP, total N, total C, pH, and SRP as predictors. In the case of the P-enriched area, the model performance was poor (R 2 = 0.34; Fig. 4 ) and TP the only signifi cant predictor (P = 0.02). Th is would suggest that the variation in MBP in this area is spatially heterogeneous, with no linear or gradient trend. Th ese same variables were generally effective predictors at describing the variation in MBP in the unenriched area (R 2 = 0.76; Fig. 4) , however, and the variation in MBP had a general south to north trend (P = 0.02), suggesting a gradient in MBP that may be responding to P inputs.
Th e coordinates can be viewed as proxies for eff ects of the nutrient gradient that are not described by the other predictor variables, such as changes in nutrient cycling rates or responses to increased levels of nutrients by the vegetation. If we assume (based on Reddy et al. [1999] and our previous research, e.g., Corstanje et al., 2007) that microbial communities are responsive to eutrophication (indicators), then where there is an overall change in MBP that can be ascribed above and beyond the change in TP; this change suggests that the soil biological system at this site is responding to increases in P availability. We found this for the unenriched area. At the enriched site, the model did not explain much of the variation observed in MBP, indicating that the site has reached a level of eutrophication where increased levels of P are no longer causing signifi cant changes in this system. If the unenriched area is not currently being enriched, then we would expect almost a similar lack of response to these variables as for the enriched site. Because the coordinates are important predictors, however, this suggests directional P loading from the enriched site to the unenriched site.
Several previous studies have documented soil TP concentrations (Table 3) in the P-enriched and unenriched areas of the BCMCA with time (Brenner and Schelske, 1995; Olila et al., 1995; D' Angelo et al., 1999) . Th ese earlier studies showed appreciably greater concentrations of P in the P-enriched area than the values obtained for this study. Th e fi rst sampling occurred in 1992, shortly aft er the termination of the nutrient infl ow, with a mean TP concentration of 2188 mg kg −1 in the P-enriched soil layer (0-10 cm), which was six times greater than those found in the unenriched area (367 mg kg −1 ; Brenner and Schelske, 1995) . Subsequent sampling events, in 1995 and 1998, recorded declining TP concentrations within the P-enriched area (Olila et al., 1995; D' Angelo et al., 1999) . Th e data from this study show a signifi cant reduction in TP concentrations to 847 ± 212 mg kg −1 within the P-enriched area. Th ese studies indicate a 61% reduction in mean TP values in the 0-to 10-cm soil layer in 8 yr.
Th ese lower concentrations have coincided with a noticeable increase in TP concentrations within the unenriched area. Brenner and Schelske (1995) documented mean TP concentrations for the 0-to 10-cm soil layer of 353 mg kg −1 . Th ose concentrations have shown an increase to 643 mg TP kg −1 in 8 yr, equating to an 82% increase in soil TP concentrations. Th e comparison of the TP data observed in this study with those collected in 1992, 1995, and 1998 indicate a general trend of increasing TP concentrations in the previously unenriched areas and a decrease in the impacted regions of the marsh (Table 3) .
Th ese historical comparisons depend on legacy data, which were collected, analyzed, and interpreted by others for reasons unrelated to this study, using a number of diff erent sampling and analytical techniques. Th e eff ect of these diff erent approaches is illustrated by the diff erent sampling depth intervals, presented in Table 3 , which makes a rigorous comparison diffi cult. Th ere are, however, substantial further repercussions for the comparisons described above. It is not always clear, as was the case in this study, where the precise locations of the historical sampling sites were. We are confi dent that these were within 100 to 200 m of the current sampling scheme, but as we have shown, there can be considerable local spatial variability. A second problem is one of sample support. Support, in sampling and monitoring, is defi ned as the volume or area on which the measurements are made. For example, the averages reported for this study are that of an area covered by a grid; in the other studies, they can represent an average of a number cores sampled within 1 to 2 m of each other (e.g., three samples in D' Angelo et al., 1999) , thereby complicating the comparison. Nonetheless, while these are common problems with using legacy data, the overall magnitude of the change with time would seem to suggest that the P levels at these sites are changing.
Phosphorus mobilization can occur when conditions in the wetland favor aerobic conditions, facilitating the rapid decomposition of accumulated organic matter . It has been demonstrated that wetland soils undergo fl uctuations in hydrologic periods, alternating aerobic and aerobic conditions to experience a fl ux of previous bound P to the overlying water column aft er reintroduction of fl ooded conditions (White et al., , 2006 . Bostic and White (2007) have shown that readily available P concentrations in the water column can increase to >1 mg L −1 directly aft er fl ooding, with P release continuing for at least 30 d. Corstanje and Reddy (2004) conducted a similar hydrologic experiment in the BCMCA and found that soils from the P-enriched areas could release P at a concentration up to 10 times greater than unenriched cores. Clearly, the dry season can lead to signifi cant P release, which can then be mobilized and transported into previously unenriched areas of the marsh following the return of surface water fl ows.
Hydrologic patterns in the BCMCA primarily refl ect precipitation, observing the distinct wet and dry seasons typical of the Florida climate. Th e result of these two seasons is the periodic drawdown of surface waters and the dominance of aerobic conditions in the soil. Th e BCMCA experiences surface water sheet fl ow in a distinct southeast to northwest fl ow pattern ( Fig. 1 ; Prenger and Reddy, 2004) . Surface water fl ows from the enriched areas toward the unenriched before discharge into Blue Cypress Lake. Th ese fl ow patterns, coupled with seasonal drawdown and refl ooding events and driven by precipitation patterns, can drive P release from the enriched areas into the unenriched area. Th erefore, it is reasonable to expect that the continual redistribution of P throughout the wetland, perpetuated by hydrologic fl uctuations, would cause the nutrient gradient to vanish with time, leading to an eventual elevation of the overall background P concentrations to some higherthan-baseline concentration across the marsh. Th is mechanism of P redistribution reaches beyond this single freshwater marsh and suggests potential consequences for other wetlands that have historically received high P infl ows, such as the Florida Everglades. Th e redistribution of P will lead to decreased soil P concentrations around the initial P-enriched area but will increase the overall baseline of soil P in the wetland. Th ese fi ndings bring into question the ability for a wetland to naturally recover to preenrichment conditions through the burial of P, in particular, for wetland systems with a well-defi ned wet and dry season, which can lead to the oxidation and release of organically bound P. To prevent the redistribution of soil P during restoration, one potential solution is to hydrologically isolate the P-enriched area by a series of berms until such time as the high-P peat is buried by a decade or more of new accreted organic matter or, where feasible, treat the soil with chemical amendments that will prevent P release (Malecki-Brown et al., 2007 , 2009 ).
CONCLUSIONS
Historical runoff from agricultural fi elds has led to a wetland soil P gradient with decreasing concentration with increasing distance from the input in the BCMCA. Ten years aft er of the end of P loading, the total soil P was still elevated proximal to the former infl ow point. A comparison of current total P concentrations with those determined in previous studies showed a 70% decline in TP concentrations within this P-enriched area. When comparing these to samples taken from formerly unenriched areas of the marsh, we fi nd that the average P concentration has increased 82%. Th is study would seem to suggest that this decrease in the P-enriched area and the increase in the previously unenriched areas of the marsh may be linked. During dry periods, signifi cant amounts of P are released from these organic soils (Bostic and White, 2007) . Th erefore, the decade since termination of the P infl ow and the reestablishment of a naturally fl uctuating hydrology has led to a decrease in P in the enriched areas and an increase in the previously unenriched area. Th e implication of these observations is that, for the near future, the overall marsh may stabilize at an elevated soil P level instead of following a swift trajectory to the previous unenriched state. It is clear that this can be only inferred from this fi eld study, as it is based in part on legacy data and that further, controlled studies will be needed to establish the magnitude of this remobilization process.
If the high-P soil can be hydrologically isolated from the surface water, it would prevent the spread of soil P to the unimpacted portions of the wetland. Th is strategy might also be used in other systems, including the Florida Everglades, to prevent the excess P in the enriched portions of the wetland system from spreading to unenriched portions of the wetland, thereby increasing the likelihood of successful restoration.
